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Abstract

This thesis presents an in-depth investigation into the practical use of 3D for software
visualisation. This work presents the first comprehensive user-centred study which
examines the software engineering tasks users undertake currently, the issues that 3D
addresses and a measure of benefit of the 3D solution compared to traditional
approaches. This thesis also presents a mechanism for creating 3D software
visualisations, a refined evaluation methodology and visualisation heuristics that

together provide a valuable resource for further research into this area.

The research results have been structured so they are directly applicable to industry and
as such are already undergoing industrial adoption. This has been achieved through the

following:

Firstly the research augments current and accepted software visualisation approaches

by basing the visual notation on the Unified Modelling Language (UML). This has

enabled the current visual software engineering tasks to be studied and for

representative user tasks to be captured and quantified. The 3D visualisations then

compl ement the current working practices by sol v
experienced using 2D visualisation approaches. These tasks are captured from both

software development professionals and students working on software development

projects.

Secondly the research is based on open standards and open source software. Our
implementations are compatible with the X3D (eXtensible 3D) ISO standard and allow
visualisations to be created and shared across X3D viewers. Further to this, as a result
of user needs uncovered by this study, a specialised 3D UML viewer has been created
based on OpenSceneGraph. These visualisation techniques have been defined, created
and tested to work on standard desktop computers and integrated with software

engineering tools currently utilised by the software engineering tasks.
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Based on X3D, UML, actual tasks and data, with existing computers and tools, this

thesis demonstrates that there is clear and measurable benefit in 3D UML software
visualisation for industry. However, rat her thar
sof t ware visualisation is goodo, outlined is a r
developing and evaluating 3D UML interfaces. The results demonstrate that through

correct implementation positive aspects of 3D can be leveraged and negative aspects

minimised.

The main focus of this study has been in the area of 3D UML state machine diagrams,

also known as statecharts. These have been investigated in two main areas. Firstly they

have been evaluated as an extension to IBM Rational Rose Technical Developer, also

known as RoseRT, and the use of this extension evaluated in industry. Secondly they

have been evaluatedasan augmented reality extension, <coine

Diagramo, and the use evaluated against a studer

Although the focus of the study has been on 3D UML state machine diagrams, the
methodology described is intended to be applicable to all UML diagrams and similar
visual notations. In addition, the methodology adds value to researching 2D
improvements to UML diagrams, as the use of 3D has been demonstrated as an

effective framework for analysing problems with current diagrams.



Chapter 171 Introduction

Graphics have been used for thousands of years to relay abstract information.

Australian Aboriginal art rock painting of Mimi spirits in the Anbangbang gallery at Nourlangie in Kakadu National Park.
Photo by Dustin M. Ramsey (Kralizec!) ©2002*

1.1 Overview

The research presented in this thesis evaluates the use of 3D (Three Dimensional)
visualisation as a means of aiding a software engineer to more easily understand the
system that they are working on. The concepts outlined in this thesis take into account

that much effort has already gone into techniques for helping engineers view software
problems more intuitively. The research builds on existing software development
infrastructure, and builds on tools and knowledge already at the softwareengi neer 6 s

disposal.

The results of this research are intended to be immediately applicable to industry. To

achieve this, ourresultsar e not based oomnfdhiextpensi ve graphi c:¢
workstations, butinsteada r e b a smaded aonnglesiiop pcd §ersonal computers)

that most software engineers use (and are also found in the home). Depending on the



software development being undertaken the average computer will have a typical
operating system of Microsoft Windows or some variant of Linux. Also depending on the
type of development being undertaken, it will have a typical graphics card, which would
easily cope with most 3D games available at the time it was purchased. It is this
underutilised 3D capability that this research taps into, to investigate its benefit for

software engineering.

In the very near future (if not already) the average computer, that an average software

engineer uses to develop software, will arguably have more processing power than the

brain of the engineer using it [63]. Regardless of whethe r 't hi s fAbrain power o e:
correct, the trend clearly indicates that computer processing power is increasing at a

much faster rate than human processing power. For us to keep pace with and control of

the technology that we develop we must redirect a larger percentage of the computers

power to present us with the problem in a way that our brains will more readily

comprehend. To cope with this compheediivaresi on fAbottl ene
development process, we must make more effort to consider human factors in software

engineering. As one usability researcher stated &Wh at 6 s t he most i mportant
system? éits Homo sapiens ver si othoushndQears | t shi ppe

ago, thereisnoupgrade in sight but itgds]l.the one that r

In this chapter we present a high level view of the background to the research.
Presented is the research context in terms of the technology and historical limitations
that may have hindered the use of 3D software visualisation. Also presented is the
proposed solution to address these limitations and the subsequent research

contributions contained in this thesis.

1.2 Technology

This section presents a brief overview of some historical reasons as to why 3D software
visualisation has not been adopted previously. We then present the technologies utilised
in this research (UML and X3D) and how the integration of these technologies address

past limitations and add further possible value.

% This image is licensed under the Creative Commons Attribution ShareAlike 2.5. Image sourced from
Wikipedia at http://en.wikipedia.org/wiki/File:Anbangbang_gallery_Mimi_rock_art_cropped.jpg.



1.2.1 Historical 3D Software Visualisation Limitations

This section lists some of the limitations, which have contributed to 3D visualisation not
being adopted. These are not conclusive but do give an outline of how the concepts of
this research have evolved. The issues have arisen through personal informal
observation of the area over 15 years in industry prior to undertaking this research.
These observations are mainly derived from working as a software engineer and through
5 years of supporting software engineers using UML tools at Rational Software. The
issues can be summarised to a) computer graphics requirements; b) the need to evolve
from and integrate into existing work practices; c) the need for standards; and d) the cost
involved in creating 3D visualisations especially in relation to €) changing software.

a) Computer Graphics T In the past computer graphics capabilities have been a
major limitation to the presentation of 3D software visualisations. Since any form
of 3D graphics is limited by current hardware capabilities, it is apparent that these
hardware restrictions have also applied to software visualisation. Further to this,
any visualisation is most valuable at the point where it is most needed, on the
desktop of a software engineer, where it can provide an extension to the current
workflow. Unless the visualisation can work withinast andar d soft ware eng
environment, which typically has no specialised graphics capability, then there

can be little or no benefit to the majority of engineers.

b) Evolution - One possible reason given for lack of 3D use is that software
engineering is an evolving discipline. For new concepts to be adopted they need
to evolve from existing accepted practices and tools. Software engineers, like
rock climbers, ensure firm footholds in what is around them before reaching for
the next new thing. As 3D is still a new concept, it also needs to be introduced
without the need for software engineers to completely let go of traditional
practices (such as the dall power ful 6 comman
human factors, without evolution, we cannot leverage existing tools, which add
value and also evolve. As in the example of HTML adoption, everyday text
editors enabled basic text-based editing to first occur and from there evolved

specialised HTML editors.

c) Open Standards i Another possible reason is that there are no open standards

in the area of 3D software visualisation, and therefore 3D software visualisation



cannot be readily produced and shared. This is further complicated by the fact
that standards generally are created in response to a need, so such standards
will not evolve unless 3D visualisation is first used. The issue of openness is also
important as far as the ability of software engineers to trust the technology and

alleviate fears of being tied to a proprietary system, which is out of their control.

d) Perceived Return on Investment i Advances in software engineering which
require a large amount of effort, are generally balanced against perceived return
on investment (either in time or money). 3D requires a large amount of effort,
Walsh and Bourges-Sevenier state dhe field of computer science that deals
expressly with creating, manipulating and navigating computer content in three
dimensionsii s di ffi cul t . [9%9.Xhedi#iculdes i crehting3Di cul t 6
software visualisations greatly hinder exploration into its benefits. Furthermore,
without initial empirical evidence of benefits, it is difficult to justify research effort

or industrial use.

e) Software Changes i A software system is ever changing during the software
development life cycle. If effort is to be expended in creating a software
visualisation, that visualisation has to also adapt to changes in the software. This
adds complexity to an already complex process of producing the initial 3D

visualisation.

Although the reasons above are pure conjecture, Diehl also summarised similar ideas
when referring to the future directions of software visualisation research, &oftware
visualization will be doomed to stay an academic endeavor, if we do not succeed to
integrate it into working environments and thus into the work flow of programmers,
designers and project managers. To facilitate such integration existing standards must
be adopted or extended...0[23]. The next sections describe two existing standards and
how they may be adopted and extended to integrate into the working environments of

software engineers.

1.2.2 UML

The UML (Unified Modelling Language) is a trademark of the OMG (Object Management
Group, Inc [71]). The UML is described by Booch et al. as @ graphical standard for



visualizing, specifying, constructing, and documenting the artefacts of a software-
intensive system@[13]. The research described in this thesis focuses on the visual
notation aspect of the UML.

The UML effort started in October 1994 and the first specification 1.1 accepted in
November 1997 [13]. Since then the UML has experienced commercial acceptance and,
as such, the visual notation is well recognised by software engineers from industry.
Given the example in Figure 1-1, software engineers with knowledge of UML should be
able to understand and create code reflected in the diagram given.

class System

Draw Ob] ect Square
- X int <] - height: int
-y int - width: int
+ SetPOSition(int, |nt) - boolean + SetS|Ze(|nt) : boolean

Figure 1-17 An example of a UML visualisation. This is a simple class diagram that should
be recognisable to most software engineers.

An indication of the success of UML can be seen in the proliferation of UML tools used
by industry, with Objects by Design listing more than 100 [72]. The number and variety
of these tools also provides evidence of the flexibility of the UML to be used in different
situations through the use of such tools.

1.2.3 X3D

Extensible 3D (X3D) is a trademark of the Web3D Consortium [98] and is the next
generation of VRML (Virtual Reality Modelling Language). The Web3D Consortium [97]
defines X3D as @ software standard for defining interactive web- and broadcast-based
3D content integrated with multimedia. X3D is intended for use on a variety of hardware
devices and in a broad range of application areas such as engineering and scientific

visualization, multimedia presentations, entertainment and educational titles, web pages,



and shared virtual worlds. X3D is also intended to be a universal interchange format for

integrated 3D graphics and multimedia.d

VRML is now more than 10 years old, being conceived at the first international World
Wide Web Conference in 1994 [10]. Since then the specification has been continually
refined and in 2004 the Web3D Consortium announced that the X3D specification was

approved by the International Standards Organization (ISO) for formal publication.

Compared to UML, the success of VRML/X3D is less easily quantified. Despite more

than 10 years of maturity the VRML/X3D technology still struggles to deliver to
expectations. VRML co-inventor Mark Pesce [76] noted that even now potentially useful
projects are damstrung at a fundamental level because the basic VRMLfip | aé/ er 0
hasnodét mat ur ed Ilinhoodst af al)an the kast decaded ®espite this, the
initial enthusiasm for VRML means that many tools today still export/import 3D models in
this format and as such can easily be reused in the context of X3D.

1.2.4 Addressing the Limitations

The research outlined in this thesis investigates a solution that addresses all the
limitations listed in Section 1.2.1. Through technological advances and the use of X3D
and UML the historical limitations are shown to be no longer valid and 3D software

visualisation, in the context of industry, can be researched effectively.

a) Computer Graphics - The performance of computer graphics has improved
dramatically. The popularity of computer games has meant that the average
computer, as used by software engineers, now possesses graphics systems
which appear capable of rendering the types of visualisation required for 3D
software visualisation. The most important feature required is the ability to render
graphics that are primarily designed to meet the needs of software visualisation,
rather than simply designed around the limitations of computer graphics. Due to
advances in computer graphics it is now possible to tailor a visualisation to suit a

task and then measure the benefit of the visualisation.

b) Evolution - The Unified Modelling Language (UML) has become an accepted
visual notation. This means that current visualisations are understood by

engineers and 3D extended visualisations based on UML should also be



understood with no specialised training. By basing visualisations on UML and
extending them with 3D, the visualisations become an evolutionary step and it is

possible to more effectively measure the benefit of 3D.

c) Open Standards i By basing the 3D software visualisation on the open standard
eXtensible 3D (X3D) and the Unified Modelling Language (UML), visualisations
meet standards that in theory can work across different tools (depending on the
guality of the specification and implementation). This enables u s e artefécts to
be imported/exported across tools and platforms and provides a greater variety
of tools for different tasks. For example, a variety of X3D viewers exist for
different OS platforms.

d) Perceived Return on Investment i As visualisations are an extension to
existing environments, empirical evidence as to the benefits of 3D visualisation
can be more easily obtained by directly comparing existing workflows to new 3D
as s i sorkflons.

e) Software Changes i As the visualisation is an extension, it can be tested within
asof tware engineerds environment. The visual.]
software infrastructure and therefore closely tied to the changing software system

under development.

1.2.5 X3D-UML

In the previous sections the past limitations hindering 3D software visualisation have
been discussed along with how these limitations can be overcome by combining X3D
and UML (or have been overcome with improvements in computer graphics capability).
In this section X3D-UML is presented as the combination of visualisation standards, this

combination provides features above and beyond purely overcoming the limitations.

The features of X3D for 3D web content are apparent. With respect to software
visualisation, some of the features are outlined below. This list, derived from the feature
list defined in the Web3D Consortium X3D specification [97], demonstrates that X3D
captures functionality far beyond just 3D. X3D provides a feature rich modelling
environment which, when combined with UML, should enable advanced software

visualisation in many areas. These features can be viewed from both a development



perspective, to aid in understanding of a system from a design point of view, and a

runtime perspective, to aid in the understanding of a system as it executes.
The features of integrating X3D and UML are:

a) 3D graphics 1 X3D provides a rich set of 3D modelling features, designed for
creating simulated worlds but which could also be applied to software
visualisation. Application of 3D can be as simple as adding depth to a UML
diagram or as complex as modelling the software system, its mechanical
interfaces and the context environment (e.g. modelling an air traffic control

system, the control panel, the airport, aeroplanes and the users of the system).

b) 2D graphics i As most current software development involves 2D, such as text
editors, manuals and computer screens, some of these aspects can be directly
translated and displayed as 2D in a 3D world. Similarly standard 2D UML
diagrams could be directly rendered.

c) Animation T The ability to move objects in real-time allow features such as
automatic Aforce directedo [26]dasshowntoof di agr am:
provide some qualitative benefit for understanding complex software system
architecture. Other examples of use could be a form of visual debugging similar
to that proposed by Jacobs and Musial [49], or a means of modelling
environment behaviour (as with the air traffic control example). Animated UML,
using VRML, has already been demonstrated by Thaden and Steimann [86] as a

means of intuitively teaching object-oriented program execution.

d) Spatialized audio and video i Video could be applied to projecting actual
out put onto a 3D UML stereotype of an fAinter:
screen runtime object. Audio could be applied in terms of data sonification. For
example, audio sounds could be applied to class objects in digital telephone
exchange software, allowing telephone technicians to detect faulty call switching
by sound, in the same way they did in the past for mechanical telephone

exchanges.

e) User interaction i This can be utilized to allow the user to manipulate the

software modelled during development, in real-time. If modelling a complete



f)

9)

h)

)

runtime environment, user interaction can be used to model the interfaces to

simulate the software systems before they exist.

User-defined objects i These allow the definition of new objects through a
prototyping mechanism, which in turn allows a library of UML objects to be
created. Becauseano bj ect 6s i nterface gives a
possible to experiment with different visualisations based on the same

information.

Scripting T This feature allows intelligence to be added to nodes and views.
Furthermore, scripting will allow integration with existing software development

tools such as compilers, debuggers and existing UML tools.

Networking 7 X3D is designed to enable shared components (i.e. user created
nodes and content) and worlds (the combination of the components into a view).
This feature should allow software engineers to collaborate on software by
providing a network based collaboration environment of shared work.

Physical simulation i X3D provides features such as Humanoid animation

which may be valuable in (HCI) Human Computer Interaction definitions of a

system. For example a UML @ Usvaya(Gsersnemctsma y

with a system through a sequence diagram, such as a button press to initiate
some system behaviour. Through humanoid animation, the same specification
may be able to be enhanced by including the physical aspects and requirements

of a human pressing the button within the system environment.

CAD geometry i In the design of embedded systems, 3D CAD (Computer Aided

Design) modelling is becoming more prevalent due to the need to fit components
on circuit boards with space constraints. This need has lead circuit design
software to utilise and export 3D elements. Also hardware systems increasingly
are dependent on software, with software becoming a structural component of
many systems. For example aircraft structures will fail or car engines will be
damaged if the software fails to keep the forces exerted within the structural
design limits. It is therefore becoming more important to treat the hardware and

software models as a single entity and X3D-UML should facilitate this.
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Individually the above features can be seen to add benefit to software visualisation.
Combined they represent a powerful set that, if functioning as specified, would allow

many combinations of features to be experimented with.

1.3 Research Contributions and Thesis Structure

In this section we present an overview of the research contributions and the structure of
the thesis. As has already been described, X3D-UML provides a large variety of
possibilities, however the main focus of this research is to measure benefit and this has
been done in a few targeted areas. To do this, a methodology has been chosen and
refined for use with X3D-UML. This methodology has then been applied to evaluate:

1 the 3D extension of a specific UML diagram

1 the integration between UML and physical world models

9 the use of 3D to bring together multiple UML concepts in to a single view
Within this context the contributions and structure of this research are:
a) User-Centred Design, Implementation and Evaluation Methodology

The background to existing research in the area of 3D UML is presented in Chapter
2. This describes the extent and the limitations of the research into this area. Also
described are the issues to be overcome and the approach required to overcome

those issues.

The first issue is that despite advances in 3D computer graphics, 3D UML
visualisations are extremely complex to achieve. To address this issue Chapter 3

documents a number of approaches to enabling 3D UML visualisations.

The second issue is that the area of 3D modelling of UML is novel and poorly
understood. There are many variables both known and unknown to be considered
with evaluating the benefit of a particular visualisation approach. Due to this, a
specialised user centre design and evaluation approach is required to allow
researchers to make best use of their research effort. Chapter 4 provides a refined

user-centred evaluation approach specifically for 3D UML. This approach has been

10



b)

refined through application to studying 3D UML and through a workshop session at

the Layout in Software[6@.ngineering Diagrams

3D UML State Machine Diagrams

Using the refined methodology, evaluated is the concept that using the third
dimension would significantly aid the software engineer in navigating substate and
superstate layers in hierarchal state machine diagrams (also known as statechart
diagrams). The traditional 2D approach is to place all levels of states on the same
diagram or have substates abstracted to completely separate diagrams. The use of
3D allows all states to exist in the same view but be maintained as separate layered
diagrams.

3D UML State Machine Diagrams represent the main focal area of this research;
they have been used as the main means of refining the evaluation methodology and
have had the most detailed analysis. 3D UML State Machine Diagrams are covered
in more detail in Chapter 5. Such state machine diagrams have also been used to
explore other areas (described below) such as integrating UML diagrams with

hardware views.
3D UML Mechatronic Diagrams

The term AMechat r oni c[Epandfa theparposes of thia thdsiy
fi Me ¢ h atsrosimplg and loosely defined as systems that have integrated
mechanical, electronic and software sub-systems that are co-dependent. An
example of such as system is a robot where the system requires the interaction
between hardware and software to function. The concept can also be applied to
more subtle relationships between hardware and software, such as the interaction
bet ween an e mbe dadipudpins and thessfevare diivsng those pins. If
we consider the diagram Figure 1-2 which represents the coupling of these areas,
3D UML Mechatronic Diagrams can be defined as the integrated mechanical,
electronic and software visual models of the system with a focus on the UML
perspective of the system i.e. the software subsystem and its relationship to the

other subsystem models.
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UL
(Software view)

3D UML Mechatronic Diagram
(Software + Hardware view)

Mechanical Model
(Hardware view)

Figure 1-217 3D UML Mechatronic Diagrams can be defined as the integrated
mechanical, electronic and software visual models of the system with a focus on
the UML perspective of the system.

Evaluated is the concept that with UML diagrams in a 3D space, diagrams can be
integrated more closely with other aspects of the system which are three
dimensional, such as the mechanical aspect of a system. The first section of Chapter
6 explores this concept against Lego NXT robots, where views of the software and
the robot are combined into a single view. The area investigated is the debugging of
state machine based software and the use of augmented reality to project state

machine diagrams against their associated components.
3D UML Holistic Diagrams

3D UML Holistic diagrams cover the concept that 3D views can provide a more
complete view of a system. Current 2D UML diagrams only provide snapshot views
into a model, which means the software engineer is presented with multiple diagram
views into a system and it is left up to engineer to form a more complete model view
in their heads. The holistic diagram attempts to remove this burden from the
engineer and present a 3D diagram with which the engineer can tailor to suit the

engineering task.

12



The second section in Chapter 6 also presents the extent of the research
undertaken. Due to the approach taken and the lack of available users with the
required expertise, the results are limited to reporting user tasks and concepts.
However, these results reveal a promising area of further research and the chapter

documents the approach that can be applied to gain further valuable information.

Finally, based on the results of the above evaluations, Chapter 7 provides conclusions to
this thesis and future research direction.

1.4 Summary

In this chapter we have discussed the promise of 3D UML and X3D-UML. We have
outlined past issues preventing practical use of 3D software visualisation and discussed
how integrating X3D and UML not only addresses these issues but provides further
advantages.

In the next chapter we look at prior 3D UML research and the issues surrounding
evaluating whether 3D UML using X3D lives up to the theoretical promise.

13



Chapter 2 - 3D, UML and Evaluation

Woman teaching geometry.
From Euclid's 'Elements' 1309-1316. © The British Library Board®. Shelfmark: Burney 275, f.293

2.1 Overview

This chapter defines the context of the research related to the combination of 3D and

UML. Firstly in Section2.2t he definition of fpBpldethédMdcadpe i s pr eser
for this area of software visualisation research. Then Section 2.3 presents related

research within this scope and positions the contributions of this thesis. Section 2.4

reviews evaluation techniques and details how they have been applied to this research.

Finally Section 2.5 presents a review of 3D technologies with relation to 3D UML

visualisation.

% Permission to use image for this thesis was kindly granted by Auste Mickunaite, Permissions, British
Library, 96 Euston Road, London, NW1 2DB

14




















































































































































































































































































































































































































































































































































































